PEDIATRICS P ediatric intracranial aneurysms are exceedingly rare and account for less than 5% of all intracranial aneurysms. The relative rarity of these lesions makes them difficult to manage and treat, but several other factors add to the clinical challenge. Pediatric aneurysms tend to present at a large size, have a propensity to grow, often occur in multiples, and, compared with their adult counterparts, they favor the posterior circulation. Open surgery to treat such aneurysms has been shown to be more durable than endovascular techniques, and durability of treatment is particularly important in the pediatric population.
treated with flow diverters. While follow-up after flow diverter placement is relatively limited compared with the cumulative experience for clipping, the potential gain in treatment durability has promising implications for the pediatric population. In this paper, we present our early experience in the treatment of 3 pediatric brain aneurysms using the Pipeline embolization device (PED; ev3). To our knowledge, this is the first successful series of PED placements in children reported in the medical literature.
case reports case 1

History and Examination
An 11-year-old girl, 13 kg in weight, with a history of Majewski osteodysplastic primordial dwarfism Type II (MOPD Type II), was known to have multiple intracranial aneurysms after undergoing routine screening at 5 years of age for her underlying condition. An MR angiogram from that time showed a large anterior communicating artery (ACoA) aneurysm, a small basilar artery apex aneurysm, a right internal carotid artery (ICA) blister aneurysm, a right middle cerebral artery (MCA) bifurcation aneurysm, and bilateral posterior communicating artery (PCoA) aneurysms. Subsequently, when she was 6 years old, she underwent an elective left frontotemporal craniotomy for clipping of the ACoA and left PCoA aneurysms and wrapping of the left supraclinoid ICA at another institution. Four years after her initial procedure, she presented to the emergency department with severe headache, nausea, and vomiting, and head CT demonstrated subarachnoid hemorrhage (SAH).
In comparison with her previous imaging studies, the new CT scan revealed interval enlargement of the lateral and third ventricles, which raised concerns about the potential development of obstructive hydrocephalus. An external ventricular drain was placed, and a cerebral angiogram obtained at that time demonstrated multiple small intracranial aneurysms (right ICA anterior choroidal branch, right MCA anterior temporal branch, right ICA terminus, and left MCA). It also showed a small residual ACoA aneurysm despite its earlier clipping. Three larger lesions were seen at the basilar tip, vertebrobasilar (VB) junction, and left ICA (Fig. 1) . Because of the blood pattern on CT and the aneurysm morphology, the basilar apex aneurysm was believed to be the source of bleeding, and the patient underwent balloon-assisted coil embolization. The hospital course was uneventful, and the patient was discharged home on Day 14.
Treatment
Approximately 3 months after her discharge, her parents were presented with the risks and benefits of observation versus microsurgical clipping versus endovascular treatment for the remaining larger lesions. For the unruptured aneurysms, a treatment plan was developed consisting of flow diverter placement from the right vertebral to basilar arteries together with aneurysm coiling and occlusion of the contralateral vertebral artery for the VB junction aneurysm and primary flow diverter placement for segmental disease of the left ICA. Dual antiplatelet therapy consisting of 81 mg of aspirin and 10 mg of clopidogrel was administered daily, with platelet reactivity measured by the Accumetrics VerifyNow system to ensure therapeutic levels of aspirin and P2Y12 inhibition by clopidogrel before the procedure. The patient underwent two separate treatment sessions, the first for the VB junction aneurysm, involving placement of a PED (2.5 × 14 mm) and coiling of the aneurysm sac and sacrifice of the contralateral vertebral artery without any complications. Three months later, she underwent a second procedure involving the placement of a PED for the left ICA dysplastic segmental disease, again without complication. At that time, the VB junction aneurysm was already completely obliterated.
Posttreatment Course
Follow-up imaging at 12 months after the last procedure showed obliteration of all the treated aneurysms (Fig.  1) . Due to the technical difficulty of the initial craniotomy and the lack of good endovascular alternatives, the decision was made to observe several other small aneurysms.
case 2
History and Examination
A 4-year-old boy, 14 kg in weight, with a previously coiled but enlarging right PCoA aneurysm, was found to have a recurrence of the aneurysm 11 months after a first endovascular procedure to treat it. This aneurysm was subsequently recoiled with near complete obliteration. On follow-up imaging 7 months after the second intervention, the boy had a new recurrence of the aneurysm.
Treatment
Microsurgery was offered at that time, but the family declined and instead opted to pursue another endovascular treatment. Off-label use of the PED was offered. The patient was given 81 mg of aspirin and 15 mg of clopidogrel for 7 days before the procedure. Therapeutic levels (as measured with Accumetrics VerifyNow) of the aspirin and clopidogrel were obtained. The boy underwent PED embolization without complication (Fig. 2) .
Posttreatment Course
At the 3-month follow-up, MR angiography with gadolinium showed complete obliteration of the aneurysm, which was confirmed with a formal angiogram at the 6-month follow-up (Fig. 3) . discussion Pediatric brain aneurysms are uncommon and often complex. They tend to be large and fusiform, to occur in multiples, and to be located in the posterior circulation. These challenges are compounded in small children, in whom blood volume and hemodynamics play very important roles and whose small anatomy can increase the difficulty level of endovascular and open vascular approaches. Approximately 25% of pediatric intracranial aneurysms present in the 1st decade of life. 6 It is estimated that large academic centers treat about 1 case per year. 7 Thus, there is limited experience with this lesion, and most of the pub-lished series are small, 6, 7, [12] [13] [14] which leads to many extrapolations from the adult literature. This may be problematic given that pediatric aneurysm and patient characteristics are generally very different from their adult counterparts. Up to 30% of pediatric patients with intracranial aneurysms have medical comorbidities, such as connective tissue disorders, polycystic kidney disease, traumatic aneurysms, and infectious aneurysms, among others, as well as a history of irradiation. 9, 10, 14 The patient in Case 1 had MOPD Type II. This is a rare autosomal recessive disorder that presents with intrauterine growth retardation, short stature of approximately 100 cm at adulthood, characteristic facial features, skeletal dysplasia, and microcephaly. Up to 52% of this population has neurovascular abnormalities, namely intracranial aneurysms and moyamoya syndrome. 5 Patients with this disease are advised to undergo neuroimaging surveillance once a year. Intracranial surgery in children with MOPD Type II could present problems. The patients and brain vasculature are small, surgical fields are diminutive, and arteries appear abnormally tortuous and friable (G.K. Steinberg, personal communication, 2014). 16 The patient in Case 1 also had segmental disease of the cavernous and supraclinoid carotid arteries with multiple aneurysms and a complex VB junction aneurysm. We thought that a PED would treat these multiple lesions while avoiding major craniotomies and multiple coiling procedures. A direct approach for clipping the ACoA aneurysm had been previously performed (4 years prior to the SAH caused by the basilar tip aneurysm rupture), deemed very complex, with an intraoperative aneurysm rupture that was difficult to control.
A patient's expected lifespan also plays a critical role when deciding on the best type of therapy. Treatment must be efficacious and durable since most patients have decades of life ahead. As in adults, endovascular treatment is becoming more and more the treatment of choice for intracranial aneurysms in children.
10,15 Moreover, Alawi et al. have recently reported higher mortality in children treated with surgical clipping (OR 2.50) than in those who underwent endovascular treatment.
3 Nevertheless, one of the drawbacks of the neurointerventional technique is that it may not be permanent. Sanai et al. reported a 14% rate of recurrence in their series of pediatric intracranial aneurysms treated endovascularly compared with a 0% recurrence rate in children treated with open surgery.
12 Other groups also advocate surgical therapy as a first option for aneurysms that present with rupture.
14 Two reasonably large series have reported 15%-23% perioperative complications for open surgical treatment, along with a 94% obliteration rate and a 2.6% recurrence rate per year. 8, 12 However, as many authors anticipated, 7,10,12 instruments and endovascular techniques are rapidly evolving and replacing open surgery as the treatment of choice in many cases. Recent series have shown better clinical results with endovascular treatments than with open surgery 2 and an obliteration rate of 96% with a mean 3-year follow-up.
13
Flow diversion is a relatively new technique that is increasingly used to treat intracranial aneurysms. In the United States, the most widely used flow diverter is the PED. It is a self-expanding bimetallic stent-like device that has a higher metal surface coverage (approximately 30%-35%) and lower porosity than other stents. The PED helps to divert flow away from the aneurysm, and thus promoting early thrombosis. The dense scaffold then facilitates neointimal growth with parent vessel remodeling. A recent review of the PED literature in adults, which included 905 patients with 1043 aneurysms, showed an 80% occlusion rate at 6 months with a 2.3% mortality rate and a 16.7% cumulative event rate. 11 Nearly 50% of these cases were large or giant aneurysms that would represent challenging open surgery cases. More importantly, there has not been a single report in the literature of recanalization once obliteration of an aneurysm has occurred. The PED is a major evolution in the endovascular field, and its indications for use will probably continue to expand. To our knowledge, only one case of a young child (10 years old) treated successfully with a flow diverter has been published in the medical literature. 4 Neurosurgeons in that case used a SILK flow diverter (Balt Extrusion) composed of 48 braided nitinol strands to treat a 22-mm, infectious cavernous sinus aneurysm, with complete occlusion at the 3-month follow-up. There are also reports of telescoping stents used in a "flow diverter" fashion as well as flow reversal to treat aneurysms in this population. 13 In addition, Abla and colleagues described failed treatment with multiple PEDs in different stages for a giant supraclinoid aneurysm in a 10-year-old child.
1 Their patient had to undergo open surgical bailout with parent vessel occlusion and extracranial-intracranial bypass to alleviate rapid, progressive visual loss due to enlarging intraaneurysmal thrombus.
At our center, both open and endovascular techniques are available on a daily basis, and the ultimate choice of a treatment modality is decided by a team of pediatric neurosurgeons and dual-trained cerebrovascular neurosurgeons in consultation with the patient's parents. In Case 1, our first contact with the patient was for the treatment of an acutely ruptured basilar artery aneurysm. At that time, we decided not to address the remaining aneurysms until she had recovered from the SAH. To place flow diverters, the patient must be on dual antiplatelet agents to avoid thromboembolic complications given that the flow diverters have a high metal surface coverage. For this reason, among others, flow diverters are not well suited for acutely ruptured aneurysms. Patients are started on 81 mg of aspirin and 0.2-1 mg/kg/day of clopidogrel 1 week before the procedure. We routinely measure platelet reactivity to aspirin and clopidogrel using the Accumetrics VerifyNow test because there is significant platelet response variability among the population. Antiplatelet dose is titrated to obtain therapeutic levels (aspirin reactivity units below 550 and P2Y12 reactivity units between 20 and 194). Although this issue is controversial, we believe that achieving therapeutic levels of anti-aggregation is important to avoid postoperative ischemic complications. After surgery, clopidogrel administration is maintained for at least 6 months and baby aspirin is maintained for life. In Case 2, a 4-year-old child had a second recurrence of a previously coiled, probably dissecting PCoA aneurysm. Surgery was the first-line treatment recommended at that time, but it was refused by the family. We hypothesized that the fast-growing vasculature of the child during the maximum brain growth period (birth to 4 years) and/or dissection as the cause of the aneurysm might have hindered epithelialization of the neck of the aneurysm, which also might have been growing in size and thus endangering the durability of a coil construct.
There are potential limitations in using flow diverters to treat intracranial aneurysms. If this treatment strategy fails, access to the aneurysm for further coiling cannot be achieved because of the low porosity of the devices. Therefore, adding another device or open surgery is the remaining therapeutic option. Further, covered side branches of the parent vessel and/or aneurysm can be angiographically lost because of flow reduction. This tends to be asymptomatic; however, the fate of these vessels is unknown since long-term follow-up is lacking. In addition, in-stent stenosis greater than 50% has been documented in up to 10% of cases. 11 This effect is also likely to remain clinically silent. In the cases we present, the PED length and diameter were tailored to the parent vessel size. The 3 pediatric aneurysms described herein had no clinical complications with complete aneurysm occlusion. Long-term follow-up imaging in cases like ours will provide some additional information in this respect. Regardless, serial long-term follow-up imaging is mandatory in these children since de novo formation of an aneurysm is a recognized phenomenon with an estimated incidence of 8%-12%. 8, 12 conclusions While flow diversion is a new and relatively untested technology in children, its results in adults have been promising. For challenging lesions in the pediatric population, flow diversion may have a valuable role as a welltolerated, safe treatment with durable results. Many issues remain to be addressed, such as the durability of flow diverters over the long term and vessel response to growth in the presence of an endoluminal device.
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